Background:
Introduction
Allergic conditions are among the most common medical conditions affecting children in the United States. Allergies are the fifth leading cause of chronic disease in the United States [1] . Skin allergies (such as eczema), food or digestive allergies, and respiratory allergies (such as hay fever) are the most common allergies among children. The prevalence of food and skin allergies increased in children aged 0-17 years from 1997-2011 [2] .
As allergic diseases are often diagnosed in early infancy, this suggests that causative events take place in utero or during the neonatal period [3, 4] . It has been hypothesized that maternal diet may impact neonatal immune development and subsequently alter allergic responses of neonates. Specifically, the change in Western diet from a relative balance between anti-inflammatory omega-3 fatty acids and pro-inflammatory omega-6 fatty acids, to a diet in which omega-6 fatty acids are overwhelmingly predominant is a possible explanation for the observed increase in the incidence of childhood atopic disease [5] . Intake of omega-3 fatty acids has been shown to suppress cell mediated immune responses in animal and human studies [6] . Specifically, we have previously shown that prenatal eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)-rich fish oil supplementation altered Th2/Th1 chemokine ratios at birth, reducing the predominantly Th2 response that has been reported to promote allergic disease [7] .
Observational studies have found higher cord blood DHA status related to lower probability of later development of atopic eczema [8] . A review of four randomized controlled trials with 698 participants found that omega-3 fatty acid supplementation during pregnancy decreases childhood asthma and response to the egg skin prick test [9] . A more recent large randomized study of prenatal omega-3 fatty acid supplementation found that prenatal DHA supplementation compared with vegetable oil supplementation decreased atopic eczema and sensitization to egg [4] . Similarly, a followup study of 869 children found that DHA supplementation significantly reduced respiratory symptoms among children born to atopic mothers; although, paradoxically, respiratory symptoms were increased among children born to DHAsupplemented non-atopic mothers [10] Our hypothesis that omega-3 fatty acid supplementation may function in neonatal immune modulation is supported by these studies.
We performed this follow-up study to determine whether prenatal omega-3 fatty acid supplementation protects offspring against development of early childhood allergies.
Methods
This research study was a secondary analysis of The Mothers, Omega-3 & Mental Health Study (MOMS). The MOMS was a prospective, double blind, placebo-controlled, randomized trial designed to assess whether omega-3 fatty acid supplementation during pregnancy may prevent antenatal and postpartum depressive symptoms among 126 pregnant women at risk for depression. Inclusion criteria included past history of depression, an EPDS (Edinburgh Postnatal Depression Scale) score of 9-19 (at risk for depression or mildly depressed), singleton gestation, a maternal age of 18 years or older, and a gestational age of 12-20 weeks. Randomization was carried out using a random number table maintained in the University of Michigan Investigational Drug Service. Details of the overall study design and study population have been published previously [11] . Institutional Review Board (IRB) approval was obtained prior to the start of the study; written patient consent was obtained for participation in this project.
Study Population
We performed long-term follow-up of mother-infant pairs who completed a randomized controlled trial of prenatal supplementation with EPA-rich fish oil (1060 mg EPA plus 274 mg DHA), DHA-rich fish oil (900 mg DHA plus 180 mg EPA) or soy oil placebo [11] . Follow-up phone interviews were conducted in 85 of the 118 mothers who completed the trial. Eighty-four singletons were included in this analysis, with one twin set excluded due to between-twin correlation and to avoid over-weighting of the maternal data from this pregnancy. Interviews assessed childhood allergic and atopic disease among the offspring at age 36 months, using questions validated from the 2011 NHIS [2] , the following outcomes were assessed by maternal report: childhood food or digestive allergies, asthma or persistent wheezing requiring treatment, eczema/skin allergy/atopic dermatitis/chronic rashes, respiratory or nasal allergy, or recurrent croup. Additional information was gathered regarding the presence of maternal, paternal, and sibling allergies. Eczema was defined as an acute or chronic inflammation of the skin, characterized by redness, itching, and the outbreak of lesions that become encrusted and scaly and may discharge serous matter. Food or digestive allergy was defined as an abnormal response to a food resulting in itching or swelling in the mouth, vomiting, diarrhea, or abdominal cramps and pain, hives or eczema, tightening of the throat or trouble breathing, and/or hypotension. Asthma or persistent wheezing was defined as a chronic long-lasting inflammatory disease of the airways, resulting in airway spasm and/or periodic swelling/narrowing, wheezing, chest tightness, shortness of breath, and/or coughing. 
Results
The overall characteristics of the study population were similar between treatment groups ( Table 1 ). There were a smaller proportion of females (30.8%) vs. males in the placebo group, though it was not statistically significant. The primary outcomes at 36 months were similar and did not significantly differ between groups for three of the four categories: food allergies, asthma/wheezing, and respiratory allergies. Eczema was reported in 26/84 (31%) of all offspring at age 36 months and there was a higher rate of eczema in the EPA and DHA arms compared to placebo (p=0.019): EPA 41.9% (13/31), DHA 38.5% (10/26), and placebo 11.1% (3/27). Compared to placebo, EPA and DHA were associated with a greater than five-fold increased risk of offspring eczema in both the crude (unadjusted) and adjusted models; Crude odds ratios (ORs): EPA 5.8 (95% CI 1.4-23.3); DHA 5.0 (95% CI 1.2-21.0) ( Table 2) .
After adjusting for other potential risk factors (sex, race, birthweight, mode of delivery, maternal eczema), risk of eczema was >eight-fold greater for EPA [odds ratio (ORadj)-8.1, 95% CI 1.4-46.3] and DHA [ORadj=9.5 (1.5-59.6)] ( Table 2 ). In the adjusted model, maternal eczema was associated with a 10.8-fold increase in risk of eczema in the offspring (95% CI 2.1-54.3). The remaining variables were not detected to be associated with risk of eczema in either the crude or adjusted models.
Table 2
Multivariable logistic regression with select covariates for outcomes of eczema at age 36 months.
Crude Models OR (95% CI) p-value Adjusted Model* OR (95% CI) p-value

Treatment Arm
Placebo referent ---referent --- 
Discussion
We found that prenatal supplementation with omega-3 fatty acids had no effect on most measures of allergic disease at 36 months, which was contrary to our hypothesis. The background rate of self-reported maternal eczema in our study was consistent with the background prevalence in adults: in population-based studies, 17.1% report at least one of four eczematous symptoms [13] . Contrary to expectation; we found an increased incidence of atopic eczema in children born to supplemented mothers. Our results differ from prior studies, including the conclusions of the Cochrane systematic review that evaluated the effect of omega-3 fatty acid supplementation on allergic outcomes [14] . There may be several reasons for this observed difference.
Previous studies have varied in study design, including timing, length, and dose of supplementation, as well as length of subsequent follow-up for allergy assessment. One of the prior studies demonstrated a decrease in the prevalence of wheeze when supplementation was initiated postnatal and only in high-risk children (defined by affected parents or siblings) [15] . Another study provided antenatal supplementation; however, all supplemented women had allergic disease, compared to our population, which included women both with and without history of allergic disease [16] .
A meta-analysis of omega-3 and omega-6 oils for the primary prevention of allergic disease did not establish a clear trend related to early life fatty acid supplementation and risk of allergic disease [17] . However, although results were not statistically significant, the directions of association were in line with our findings: pooled results from the meta-analysis found a non-significant increase in risk of eczema with omega-3 supplementation but a decrease in risk of other types of allergy, as well as a non-significant protective effect of omega-6 supplementation against eczema. As our placebo soy oil supplement was omega-6 fatty acid predominant, it may have exerted a protective effect. More recently, results from a follow-up study of a large randomized controlled trial suggested that the effect of prenatal omega-3 fatty acid supplementation may differ among children born to atopic versus non-atopic mothers.10 It is important to note that the heritability of asthma is on the order of 60%-80% [18] , thus the genetic component of atop may be significant.
Strength of our study is that the treatment allocation groups remained blinded at the time the follow-up questionnaire was administered. Strength is that we were able to contact the majority of our participants at 36 months. Additionally, participants were not selected based on predisposition to allergic disease, and we were also able to obtain information on maternal, paternal, and sibling allergies.
However, some limitations of this study exist: it was a pilot investigation with a relatively limited sample size; it was not a planned secondary analysis, so the original study was not designed to be powered for this sub-analysis; and formal allergy testing was not conducted in our study, though the parental interview utilized validated NHIS questions. Thus, our results should be viewed as preliminary and requiring confirmation in larger follow-up studies.
Our previous secondary analysis of the MOMS Study [19] found that prenatal supplementation with EPA-and DHA-rich fish oil significantly reduced cord blood chemokine ratios thought to predict childhood development of allergic disease. Thus, although our study showed no benefit for allergic symptoms, it is clear that this same regimen of supplementation altered the neonatal inflammatory response. It is unclear why our findings occurred, but they may further support the hypothesis that genetics and predisposition play an important role in the response to supplementation.
Another factor that may explain our differing findings is the location of the studies, and therefore, the subjects' background dietary fatty acid composition. Both of the aforementioned studies took place in Australia; other trials have included participants from Sweden, Denmark, Hungary, Norway, Germany, and Spain. Variation in dietary habits between countries may result in considerable differences in baseline fatty acid states and subsequent responses to supplementation. For example, in Sweden, the omega-3 to omega-6 polyunsaturated fatty acid ratio is approximately 5:1 [20] , in contrast to many other Western countries in which it is estimated to be 20-30:1 [21] . Thus, women's diets in any one study may not necessarily represent that of other Western populations.
The differing doses of supplementation in the available post-supplementation follow-up studies may also represent a potential explanation for the wide range of findings. Omega-3 fatty acid supplementation may have an inverted U-shaped dose-response curve, with moderate doses conferring more benefit than high doses in some models [22] . It is also possible that linoleic acid, the principal component of the soy placebo, had an unanticipated protective effect on development of atopic eczema-an active placebo effect [23] .
It will be important for future studies to consider the dose and timing of supplementation, the background diet fatty acid composition, subjects' genetic predisposition to allergic disease, and the source of omega-3 fatty acids. These factors appear to all be working together in a manner that has yet to be fully elucidated. Immunomodulation, especially in pregnancy, is complex and has many variables. Future studies are needed to determine the most effective regimen of omega-3 fatty acid supplementation to provide the maximum health benefit. It is clear that omega-3 fatty acid supplementation can affect atopic disease; however, this relationship has proven to be complex and remains to be completely understood.
